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Abstract 
Environmental conditions within a catchment vary by slope aspect, and hence slope aspect provides a means of observing their 
controls on critical zone structure and function.  We summarize water, biogeochemistry, soil, and weathering on opposing slope 
aspects in Gordon Gulch, a headwater catchment in the Front Range of Colorado.  These observations show that water and 
energy delivery to the lower critical zone are the most important climate characteristics involved in the evolution of critical zone 
architecture.   
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1. Introduction 
The structure of the critical zone, including thickness of regolith, depth and composition of soil, topography, 
and composition of ecosystems, reflects the long-term effects of weathering, transport, and biological processes1,2.  
In turn, it is a truism that weathering3, sediment transport4, and ecosystem5 processes respond to climate variables 
such as precipitation and temperature.  Understanding how climate history shapes critical zone structure and how 
future climate will impact these interacting critical zone processes remains a challenge6.   
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One approach to unraveling climate influences on critical zone processes and their effects is to use the natural 
experiment provided by slope aspect.  Pole-facing hillslopes receive less solar radiation than equator-facing 
hillslopes, producing significantly different microclimates that can structure ecosystems and affect surface process 
regimes.  Some characteristics of critical zone architecture vary with slope aspect in the Gordon Gulch watershed of 
the Boulder Creek Critical Zone Observatory in the Colorado Front Range7,8,9, which prompts this summary of 
observations.  Gordon Gulch is an east-west oriented watershed at 40° N latitude with north- (pole-) and south- 
(equator-) facing hillslopes developed on Precambrian gneiss with foliation that dips into the south-facing slopes.  
The catchment spans elevations of 2440-2730 m, and receives ~500 mm of precipitation each year.  The mean 
annual temperature is ~5°C.  The watershed lies within the upper montane zone of Marr10, which is characterized by 
mixed conifer forests.  The vegetation is strongly structured by slope aspect:  north-facing slopes are dominated by 
dense Lodgepole pine (Pinus contorta) with little understory, while an open Ponderosa pine (Pinus ponderosa) 
woodland is found on south-facing slopes11,12. 
2. Slope aspect and energy 
The primary effect of pole-facing versus equator-facing slopes is on incoming shortwave radiation.  In addition, 
there may be secondary energy balance effects in the downward longwave radiation, and surface temperature due to 
shading which in turn may affect latent heat terms.  Here, however, we focus on the direct shortwave radiation term 
of the energy balance, which is the larger component on cloud-free days.  The total annual direct shortwave 
radiation to a horizontal surface on the Earth decreases with latitude in a predictable way.  Pole-facing slopes will 
intercept less direct radiation, while equator-facing slopes will intercept a greater amount15.  The slope aspect 
differential varies with season, from a maximum at the winter solstice when the solar elevation angle is low, to a 
minimum at summer solstice when the solar elevation angle is high.  For instance, direct solar radiation in Gordon 
Gulch during spring snowmelt (April-May) in 2009 was up to 50% greater on the south-facing slope than the north-
facing slope9.  During the same period, average air temperatures differed by 2°C on the contrasting slope aspects.   
3. Snow, soil water, and soil temperature 
An obvious impact of the aspect-controlled radiation differences in Gordon Gulch is seen in the snow pack.  
Snow cover in Gordon Gulch falls in the ephemeral snow classification14, typified by thin, patchy snow.  On the 
south facing slopes snow typically melts between storms, and snow-free periods occur throughout the winter.  On 
north-facing slopes snow accumulates over the winter, and melts in a spring snowmelt period.  Snow depths rarely 
exceed 50 cm in our sensor array.  A snow survey in upper Gordon Gulch in early April 2008 found a maximum 
snow depth of 105 cm.  Of 509 survey points, only 4% were greater than 80 cm, and 11% were zeros. 
The energy balance and snow pack contrasts between north- and south-facing slopes result in different soil 
moisture conditions (Fig. 1). In water year 2010, a normal snow year15, the south-facing slope went through two 
wetting events in late Fall snow storms, while the north-facing slope soil moisture increased in only the first of these 
storms.  Instead of contributing to soil moisture, the second snowstorm supplied the base of the winter snow pack on 
the north-facing slope.  In spring, the south-facing slope became active in March, and showed many short-duration 
wetting events from spring snow and rain events.  On the north-facing slope, soil moisture rose sharply in early 
April when the accumulated snowpack melted, and remained high through mid-May as spring storms continued to 
deliver water.  In general, soil moisture on the north-facing slope rises later in spring, and stays high for longer 
periods than the south-facing slope.  The south-facing slope undergoes more frequent wetting events, of shorter 
duration.  In Figure 1, it is clear that in addition to differences in timing and magnitude of moisture inputs, the two 
slopes are out of phase with respect to wetting at several times during the year.  Most notable in 2010 is that south-
facing slopes are strongly drying at the same time that north-facing slopes received their biggest water input from 
melting of the winter snowpack.   
These differences in water delivery timing and magnitude trigger different shallow hydrologic response on the 
opposing slopes9.  Tracer experiments during spring snowmelt season revealed both sporadic rapid vertical transport 
of water and a relatively immobile matrix storage component on the south-facing slope, suggestive of preferential 
flow in the vadose zone.  In contrast, north-facing slopes showed connected flow through the continuously wet soil 
matrix that flushed the tracer out of the soil profile.  A modeling study motivated by these observations16 found 
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Fig. 1 Water year 2010 in Gordon Gulch, showing precipitation, snow depth, soil moisture and sub-freezing soil temperatures. 
that longer duration recharge, such as occurs on the north-facing slope during snowmelt, delivers more water to the 
deep vadose zone and weathered rock.   
Freezing conditions are of longer duration and greater severity on the north-facing slope.  Under the snowpack 
on the north-facing slope in 2010, sub-freezing conditions extended to depths > 20 cm and persisted for > 4 months 
(Fig. 1).  In comparison, on the relatively snow-free south-facing slope frost reached the 5 cm sensor, but not the 25 
cm sensor, and sub-freezing conditions had a duration of ~2 month.  In other words, thermal conditions in shallow 
soil were affected more by the difference in radiation than by the difference in snow cover on the two slopes.   
4. Biogeochemistry 
The strongly aspect controlled direct radiation, water, and thermal conditions produce striking contrasts in 
vegetation by aspect across Gordon Gulch, yet the influence of these different forest types on biogeochemical 
processes is not obvious.  Microbial communities show much greater diversity with depth than they do with slope 
aspect17, despite greater variation in edaphic factors (moisture, pH, C:N ratios) in surface horizons.  Similarly, soil 
organic matter changed in character and its concentration declined strongly with depth, yet these did not vary 
significantly with slope aspect18.  Perhaps these studies, based on nine depth profiles and 199 surface samples, did 
not sample enough sites to detect the slope aspect (and forest community) influence.  Evidence of differences in 
microbial community processing is seen in nitrogen uptake contrasts in an 15N labelling experiment19.  Labeled 
nitrate showed strong differentials in retention and transport in shallow soil with slope aspect that appear to be 
connected to the differences in hydrologic behaviour.  The nitrogen findings suggest that microbial systems may 
indeed be structured by the conditions imposed by slope aspect.   
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5. Weathering and soils 
The Rocky Mountain surface, of which Gordon Gulch is a part, was not glaciated during the Pleistocene.  
Weathering and soil formation there has continued throughout Quaternary climate cycles, on materials derived from 
underlying bedrock. In an overview of Front Range weathering, soil development was found to vary with slope 
aspect at the elevation of Gordon Gulch, but not in higher elevation alpine soils10.  In the landscape position of 
Gordon Gulch they identify Ustalfs on north-facing slopes, and Ustolls on south-facing slopes.  The Ustolls had 
thicker organic (O and/or A) horizons, while the Ustalfs had greater accumulation of weathering products (Bt 
horizon formation).  An analysis of two profiles in Gordon Gulch found these characteristics, although the north-
facing slope site was classified as a Cryorthent20.  As noted in the regional survey, B-horizon development was 
stronger on the north-facing site; in fact, the B-horizon was absent on the south-facing site.  An analysis of 100 soil 
pits in Gordon Gulch found highly variable soil properties and weak soil development throughout the catchment21.  
Organic matter contents were lower in south-facing slope soils (5.3 ±3.8 %) than on north-facing slopes (6.9 ± 3.8 
%), a finding in contrast with the variations in organic horizon thicknesses Birkeland reported10.  The thickness of 
mobile regolith is highly variable across the catchment, and does not show a consistent slope aspect control21,22.  The 
depth to immobile weathered rock or saprolite is ~30 cm, although tors (high-standing bedrock outcrops) are 
common, and slope deposits reach up to 200 cm at the base of some north-facing slopes.   
Mineralogy in the mobile regolith and saprolite from soil pits in Gordon Gulch is difficult to interpret due to the 
heterogeneous nature of the Precambrian gneiss and granodiorite bedrock7. Clay-sized material increases in 
abundance down catenas, and is more abundant on north-facing slope sites than south-facing slope sites in Gordon 
Gulch20.  In the few profiles with X-ray diffraction analyses, however, no pattern of pedogenic clay accumulation is 
apparent7.  Owing to the heterogeneity of parent material on the decimeter scale, we have not computed elemental 
mass transfers (τ values) in these profiles.  However, the mineralogy of mobile regolith in profiles is more 
homogeneous than that of the gneiss-derived saprolite, and arguably is the product of physical mixing of minimally 
altered saprolite. The mineralogy of north-facing and south-facing slope sites do not show obvious influences of 
slope aspect differences in chemical alteration.   
Nonetheless, weathered rock under the mobile regolith appears to be mechanically weaker on north-facing than 
south-facing slope sites.  Excavations into saprolite are more successful on north-facing slopes:  in a 2008 campaign, 
soil pits extended 30-65 cm into saprolite on north-facing sites (and several could have gone further), while south-
facing sites reached only 20-45 cm depth.  Inspired by these observations, we used a back-packable drill to core rock 
and measure rock strength23.  Cores obtained at 10 sites, to depths of 1-1.6 m, scored rock quality designation 
(RQD) values of very poor to poor for north-facing slope sites, and poor to fair for south-facing slope sites.  
Analysis of core recovery and tensile strength of core samples both show that the top 1-1.5 m of rock is weaker on 
north-facing slopes than south-facing slopes in Gordon Gulch23.   
Geophysical techniques image the deeper parts of the critical zone in Gordon Gulch.  Shallow seismic refraction 
(SSR) revealed that unweathered bedrock, interpreted as regions with seismic velocities > 3.5 km/s, is found at 
depths that range from 8-14 m in Gordon Gulch. The low velocity weathered rock is up to 2 m thicker on north-
facing slopes than south-facing slopes8.  Surveys utilizing electrical resistivity tomography (ERT), which provides 
greater spatial resolution than SSR, broadly corroborated the seismic refraction results24.  However, ERT shows 
much greater lateral variability than does SSR, and shows prevalence of undulating boundaries between 
unweathered and weathered rock, rather than more surface parallel boundaries indicated with SSR.  The possible 
presence of core stones and deeper weathered pockets are not surprising, given the number of tors that yield the 
bumpy appearance of the hillslopes in high-resolution LiDAR-based digital elevation models of Gordon Gulch.   
6. Integration of processes 
Long term lowering rates of 20 m/Myr, determined from in-situ 10Be on outcrops20, suggest that the weathering 
profiles in Gordon Gulch represent on the order of 105 years of evolution.  Given the depth of time involved, it is 
perhaps not surprising that the differences in surface energy input on north-facing and south-facing slopes are 
manifested deeply in the weathered rock of Gordon Gulch.  The deeper weathered profile on north-facing slopes 
clearly owes its origin to factors other than the striking difference in vegetation currently occupying these hillslopes.  
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It is interesting that mobile regolith depths do not show systematic variation with slope aspect, as this suggests that 
processes involved in the production and transport of mobile regolith are balanced across both slope aspects.  
Processes that are likely to be important in generating the contrasts in depth of rock weathering on north- and south-
facing slopes include those that involve delivery of water and thermal energy to depths below the mobile regolith.  
We have explored frost cracking as a mechanism capable of producing the weathering depths seen here, and can 
produce a plausible model of this process25.  However, more remains to be done in understanding the delivery of 
water to these depths over timescales relevant to weathering.  The roles of microbes in weathering saprolite and rock 
are another frontier.   
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